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ABSTRACT S107, a phosphochoKne-binding myeloma pro- 
tein, has been cloned in soft agar, and an antigen-binding variant 
has been isolated and characterized. The variant does not bind 
phosphocholine attached to carrier or as free hapten in solution 
but does retain antigenic determinants (idiotypes) of the parent. 
Chain recombination experiments suggest that the defect in bind- 
ing is entirely in the heavy chain. Amino acid sequence analysis 
showed a single substitution— glutamic add to alanine at position 
35— in the first hypervariable or complementarity-determining 
region. In terms of the three-dimensional model of the phospho- 
choline-binding site, glutamic acid-35 provides a hydrogen bond 
to tyrosine-94 of the light chain that appears to be critical for sta- 
bility of this portion of the binding site. Hie removal of this bond 
and the presence of the smaller alanine side chain is thus consistent 
with the loss in binding activity. These results suggest that small 
numbers of substitutions in antibodies, such as those presumably 
introduced by somatic mutation, may in some situations be effec- 
tive in altering antigen-binding specificity. 



The generation of antibody diversity has long been and remains 
one of the intriguing questions in immunology. Protein se- 
quence analyses (1, 2) and nucleic acid studies (3-7) have sim- 
ilarly suggested that the number of light (L) and heavy (H) chain 
genes in the germ line is large (>200 each). If random combi- 
nations of L and H chains were to occur, > 10,000 different an- 
tibodies could be generated solely from the germ-line reper- 
toire. Furthermore, immunoglobulin chains are encoded in 
multiple genetic elements. The variable domains of light chains 
are encoded by two gene segments designated variable (V) and 
joining (J) (8, 9). Heavy chain variable domains, in addition to 
V and J segments, have a third element, D (diversity), that en- 
codes a portion of the third hypervariable region (10-12). The 
combination of a given L chain V gene with any of four func- 
tional ] genes can thus produce additional structural diversity 
as can V, D, and J recombination in the H chain. The potential 
sequence diversity is further increased by variations in the sites 
at which these elements combine (8, 9, 13-17). At present, it 
is not clear how much the sequence diversity generated by 
these events contributes to functional changes that affect the 
specificity and affinity of antigen binding. 

In view of the large amount of structural diversity that can 
be generated from the germ-line repertoire and the recombi- 
nation events occurring during the formation of active immu- 
noglobulin genes, the question of the occurrence and role of 
somatic mutation in the generation of antibody diversity re- 
mains to be determined . The initial studies of mouse A L chains 
by Weigert and co-workers (18, 19) identified 12 invariant se- 
quences, 5 with single amino acid substitutions, 1 with two sub- 
stitutions, and 1 with three substitutions. All interchanges were 
located in hypervariable regions and it was concluded that the 
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variants arose by a somatic mutation process. This interpreta- 
tion has been confirmed by the finding that a single germ-line 
V region gene and J segment encode the \i V regions (20). 
While the sequence changes in Aj L chains were confined to 
hypervariable regions, studies of a k chain subgroup (V^,) also 
suggested somatic mutations, but these substitutions were ob- 
served in framework as well as hypervariable residues (21). Most 
relevant to the studies described here is a recent report by 
Gearhart et al (22) on the structure of H and L chains from 
phosphocholine (P-Cho)-binding hybridomas. A number of se- 
quences were determined for IgM and IgG hybridomas and 
were compared with previously determined structures from IgA 
myeloma proteins. All of the fi chains were found to be identical 
in the V region, while all of the y chains and about half of the 
a chains had substitutions that occurred in both hypervariable 
and framework regions. An analysis of the germ-line genes en- 
coding the P-Cho heavy chains (23) suggested that all except one 
of the P-Cho heavy chains were encoded by a single gene that 
faithfully encodes the T15 IgA myeloma V region, as well as all 
of the n V regions. These and similar findings among H chains 
from antinitrophenyl antibodies (24) argue that somatic muta- 
tion is occurring and that it is not restricted to hypervariable 
regions. 

To date, it is not known whether the limited numberof amino 
acid substitutions presumably generated by somatic mutation 
can be effective in altering antigen binding specificity or affin- 
ity. We have attempted to approach this question by examining 
the structure of antigen-binding variants derived from the P- 
Cho-binding myeloma protein S107. S107 is a BALB/c IgA, k 
myeloma protein that appears to be identical in structure to the 
T15 myeloma protein and =90% of. the BALB/c antibodies 
elicited by immunization with P-Cho-containing antigens (25). 
We have chosen this sytem because of the availability of a num- 
ber of primary sequences from P-Cho-binding myeloma pro- 
teins and a three-dimensional structure of the Fab fragment 
from the closely related protein M603 (26, 27). Antigen-binding 
variants were selected by cloning S107 cells in soft agar and 
overlaying with P-Cho-keyhole limpet hemocyanin (KLH) (28). 
Clones that are not surrounded by antigen-antibody precipi- 
tates and occur at a spontaneous frequency of 0. 1-1% are pre- 
sumed to be antigen-binding variants. One of these first gen- 
eration variants, U4, has been characterized in detail and is the 
subject of the present communication. 



MATERIALS AND METHODS 

The S107 cell line was originally obtained from the Salk cell 
bank. Propagation of the cells, their cloning, and identification 
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of variants have been described previously (28). P-Cho was at- 
tached to sheep erythrocytes (SRBC) (29), and hemagglutina- 
tion of P-Cho-SRBC was determined as described by Evans et 
aL (30). Radioimmunoassays were carried out by the method of 
Pierce and Klinman (31) in which antigen (P-Cho-KLH) or an- 
tibody (28) was attached to polyvinyl plates (Dynatech). The 
S107 immunoglobulin and the rat anti-S107 monoclonal anti- 
body were biosynthetically labeled by incubating the cultured 
myeloma cells with [ M S]methionine. Labeling of the antibodies 
and their use in the radioimmunoassay have been described 
(32). Equilibrium dialysis was carried out by the flow dialysis 
method of Colowick and Womack (33). 

S107 and variant immunoglobulins were purified from the 
ascites of tumor-bearing animals. S107 was purified by affinity 
chromatography on P-Cho-Sepharose. The U4 protein was 
chromatographed on DEAE-Sephacel (Pharmacia) and then 
further purified by gel filtration on Sephacryl S200 (Pharmacia). 
Chain recombination was carried out as described by Manjula 
et aL (34) except that the denaturing buffer was 5 M guanidine 
in 0.2 M NH 4 HC0 3 . 

For sequence studies, the H chains of both the S107 and U4 
immunoglobulin were isolated on Sephadex C-100 columns 
equilibrated in 6 M urea/1 M HOAc. H chains were cleaved 
with CNBr and the fragments were isolated by gel filtration (35). 
Sequences were determined on a modified (36, 37) Beckman 
890C sequencer using a Quadrol buffer system as described 
(38). 

RESULTS AND DISCUSSION 
Characterization of the U4 Variant. When a freshly isolated 
subclone of the S 107 cell line is recloned in soft agar and over- 
layed with P-Cho-KLH, 0.1-1% of the clones are not sur- 
rounded by a visible antigen-antibody precipitate (28). Be- 
tween 50% and 70% of these presumptive variant clones 
continue to secrete IgA molecules in the same amount as the 
parental clone. Most of these variant antibodies have normal- 
sized H and L chains and are polymeric molecules that are in- 
distinguishable from the parental IgA (28, 39). One of these var- 
iants, U4, was grown to mass culture and injected into BALB/c 
mice, and the variant protein was purified from ascites fluid 
by DEAE-Sephacel and Sephacryl chromatography. Compar- 
ison of the antigen and hapten binding of the U4 variant and 
the parental S107 protein is presented in Table 1. U4 does not 
agglutinate P-Cho-SRBC and does not bind hapten when as- 
sayed by equilibrium dialysis. To further evaluate the antigen 
binding capacity of U4, P-Cho-KLH was absorbed to the walls 
of polyvinyl microtiter plates and unlabeled U4 and S107 pro- 
tein were compared for their ability to compete with endoge- 
nously labeled S107 for antigen. U4 demonstrated minimal 
binding, only slightly more than an unrelated antibody, in com- 
peting for P-Cho in this assay. These results indicated that the 
U4 variant had lost its ability to bind antigen and hapten. When 
parent and U4 were analyzed for antigenic determinants (id- 
iotypes) detected by a particular monoclonal antibody (Fig. I), 
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U4 was found to react with this reagent to approximately the 
same extent as the parent. By using conventional antisera to 
the P-Cho-binding site and a variety of additional antivariable 
region monoclonal antibodies, we have observed that some 
distinguish these two proteins to the extent that U4 reacts 
«l/10th as well as the parent while others fail to discriminate 
between parent and variant. Thus, the association of idiotype 
with a non-antigen-binding molecule (U4) is likely to be highly 
dependent on tie particular reagent used. Taken together, the 
above data indicate that an alteration has occurred in the con- 
figuration of the U4 binding site that has drastically altered an- 
tigen-binding specificity but only minimally altered antigenic 
determinants. 

To more precisely define the defect in U4, chain recombi- 
nation experiments were performed between parent and vari- 
ant. H and L chains were isolated from partially reduced pro- 
teins, mixed together in various combinations, and reassociated 
by removing the denaturing reagent flable 2). The recombi- 
nants containing the H chain of U4 and the L chain of S107 did 
not hemagglutinate P-Cho-SRBC. However, the combination 
of the parental H chain and the U4 L chain not only agglutinated 
P-Cho-SRBC (Table 2) but also had the same affinity for P-Cho 
by equilibrium dialysis as the S107 protein (data not shown). 
The loss in antigen-binding activity was therefore associated 
entirely with the U4 heavy chain. 

Structural Difference Between Parent and Variant. Since 
alterations in antigen binding were found to be associated with 
the U4 H chain, we have determined the primary structure of 
the entire H chain variable region of the variant and parental 
proteins. A single amino acid substitution — alanine for glutamic 
acid — was found at position 35 in the first hypervariable or com- 
plementarity-determining region (Fig. 2). This interchange can 
be explained by a single-base substitution in the second nu- 
cleotide position of the glutamic acid codon or could be due to 
a two-base change. A significant association between P-Cho 
binding and the occurrence of phenylalanine-32, tyrosine-33, 
and glutamic acid-35 has previously been noted (41). The effect 
of the observed alanine-glutamic acid interchange is striking in 
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Chain recombination was as described in Materials and Methods. 
The recombinants were not further purified. Equal amounts of protein, 
which also contained the same amount of idiotype by inhibition of 
hemagglutination, were allowed to react with P-Cho-SRBC. Facili- 
tating rabbit anti-IgA antibody was added and the hemagglutinin titer 
is expressed as the square of the logarithm. 



terms of the model of the P-Cho-binding site of M603 (Fig. 3). 
M603 is a P-Cho-binding myeloma protein whose three-di- 
mensional structure has been determined (26). Crystallographic 
analysis has indicated that the binding of P-Cho hapten is almost 
entirely associated with amino acids in the H chain. When the 
H chains of M603 and S107 are compared, five differences are 
observed (four substitutions plus a one amino acid size differ- 
ence), none of which occur at positions identified as partici- 
pating in hapten contact. Although the L chains from M603 and 
S107 are from different V. subgroups and hence have consid- 
erable sequence variation (42-44), the one amino acid (leucine- 
96) directly implicated in hapten contact (26, 43) is also pre- 
served in the S107 L chain. Furthermore, anti-P-Cho hybri- 
domas have been identified (22) that are comprised of an M603 
L chain paired with a T15 H chain and have affinities for P-Cho 
similar to that of the M603 myeloma protein (45). 

Based on the above considerations as well as predictive cal- 
culations, we have concluded that the principles derived from 
the structure of the M603-binding site will largely be applicable 
to the S107 site (46). In the M603 structure, glutamic acid-35 
was originally designated as a hapten-contacting residue (26). 
From continued refinement of the x-ray structure analysis, it 



now appears that the distance between P-Cho and glutamic 
acid-35 makes its role in direct hapten contact somewhat un- 
certain (D. R. Davies, personal communication). However, 
from Fig. 3, it can be seen that the side chain of glutamic acid- 
35 is hydrogen bonded to the phenolic hydroxyl of the L chain 
tyrosine-94 (43). This bond appears to be important in stabiliz- 
ing this portion of the binding pocket that contains the hapten- 
contacting residues tyrosine-33 and arginine-52 from the H 
chain and leucine-96 from the L chain. In addition, the "vac- 
uum" created by the removal of the carboxyl and methyl groups 
of glutamic acid would further distort this region. In fact, if glu- 
tamic acid-35 were only a hapten-contacting residue, it might 
be expected that substitution of the smaller alanine side chain 
would merely produce a decrease in affinity. This substitution, 
while possibly having only a minimal effect on hapten contact, 
apparently removes a bond and side chain essential to the struc- 
tural integrity of this portion of the binding site. It is interesting 
to note that all H chains from conventionally induced anti-P-Cho 
antibodies are similar in amino acid sequence. From analysis 
of the gene family encoding the P-Cho H chain V regions (23), 
it can be seen that only one of three potentially expressed genes 
encodes glutamic acid at position 35. It is this gene that directly 
translates into the S107 protein sequence and presumably en- 
codes most other P-Cho H chains. Thus, the predominant use 
of this particular gene in anti-P-Cho antibodies appears to cor- 
relate with the presence of glutamic acid-35. The two other 
genes code for serine at position 35 (as well as several additional 
differences), but the remaining major hapten-contacting resi- 
dues are also present in these genes. One exception has been 
observed to date in that a single hybridoma (22) has been de- 
scribed that has a serine at position 35 and other substitutions 
characteristic of the two "unused" genes. This protein has the 
lowest affinity for P-Cho of any hybridoma or myeloma char- 
acterized thus far. It is thus possible that the presence of serine 
at residue 35 may maintain enough of the needed conformation 
to permit P-Cho binding (albeit at a lower affinity) in contrast 
to the complete loss associated with the alanine substitution in 
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U4. Alternatively, the additional substitutions in this chain may 
partially compensate for the replacement of glutamic acid-35. 

Although die H chains from P-Cho-binding antibodies are 
similar in amino acid sequence, L chains from three different 
V region groups that vary greatly in sequence may be associated 
with these H chains (42). However, all three of these L chains 
use the J5 joining segment and have the L chain sequence ty- 
rosine-94, proline-95, leucine-96 (38, 43, 44), so that the bond 
between glutamic acid 35H and tyrosine 94L can be formed with 
any of these L chains. The sequence Tyr-Pro-Leu at positions 
94, 95, and 96 is found only in L chains from P-Cho-binding 
proteins. 

Implications for Generation of Diversity. We have shown 
that a single amino acid substitution is capable of completely 
altering antigen-binding specificity. Thus, a small number of 
amino acid substitutions, such as those postulated to arise by 
somatic mutation, can potentially be effective in generating an- 
tibody diversity in addition to that inherent in the germ-line 
repertoire. The high spontaneous frequency of mutants (28) 
observed for the generation of non-antigen-binding variants in 
our system further suggests that events of this nature are not 
infrequent. We have characterized another primary variant of 
S107 that has decreased antigen binding and a single amino acid 
substitution in the fifth residue of its J segment (39). However, 
it is clear that all such substitutions need not and probably do 
not affect antigen binding. For example, the heavy chain from 
the P-Cho-binding myeloma protein M 167 (35) differs from that 
of S107 at 13 positions (8 in hypervariable regions including a 
size difference) and yet has an association constant for hapten 
only slightly lower than S107. We have previously shown that, 
among anti-l,6-galactan-binding myeloma proteins, as many as 



eight or nine substitutions may occur in hypervariable regions 
with no significant effect on hapten affinity or specificity (13). 
Since these systems, as is the case of most hybridoma systems 
being examined today, are positively selected by antigen, they 
will in general reveal only substitutions not producing large 
changes in antigen binding. The negative selection used in this 
study permits analysis of changes that produce important phen- 
otypic binding variation. Characterization of additional variants 
in this system may further define the potential of somatic mu- 
tations to introduce changes in antigen-binding specificity. 
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